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作者姓名：陈帅 
论文题目：分子间多量子相干高分辨二维 J分解谱技术及其在食品成分分析中的 
         应用研究 
作者简介：陈帅，男，1991 年 5 月出生，2013 年 9 月师从厦门大学蔡淑惠教授，
于     年   月获硕士学位。 
中文摘要 
高分辨核磁共振(Nuclear magnetic Resonance, NMR)谱技术能够为分子结构
分析提供准确的化学位移、J 偶合常数以及谱峰积分面积等信息，是生物化学、
材料科学以及生命科学研究中一个不可或缺的分析工具。高分辨率二维 J 分解谱
技术实现了化学位移和 J 偶合信息的分离，有利于谱峰的归属，在复杂化学样品
和生物组织样品分析中具有重要应用。然而高分辨谱往往对磁场均匀性有很高的
要求，磁场的不均匀会引起谱峰相位和频率的变化，进而导致谱线增宽和信噪比
降低。对生物组织样品，样品本征磁化率差异不可避免地引起磁场的不均匀，并
且这种不均匀难以通过匀场等传统方法消除。分子间多量子相干(intermolecular 
Multiple-Quantum Coherence, iMQC)自 1990 年被发现以来便在核磁共振领域引
起关注，由于其独特的性质，在许多方面特别是在不均匀场下获取高分辨谱方面
获得了应用。本论文主要探讨基于 iMQC 的 J 分解谱技术在食品分析中的应用，
主要工作如下： 
一、首先对 iMQC 现象的发现进行了简要回顾。对分子间多量子相干
CRAZED 脉冲序列的三种理论解释：经典方法、量子方法、经典-量子方法进行
了详细介绍。并简要的对 iMQC 在食品领域的应用现状进行了描述，同时对二维
J 分解谱技术进行了介绍。 
二、基于异核分子间单量子相干技术和三维采样技术，本章提出了一个能够
在任意不均匀磁场下获取二维高分辨 J 分解谱的新脉冲序列。该方法利用异核分
子间多量子相干的特点，通过不同自旋各自独立的通道分别激发氢核与氘核，从
而使该方法比同核分子间多量子相干方法能够应用于更大的不均匀磁场环境，同
时可省去同核实验中的溶剂峰压制，简化序列设计和实验操作。采用偶极场理论
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和积算符相结合的方法，本章详细阐述了该方法的原理及理论表述，并对不均匀
磁场下的化学样品和玉米油进行实验，验证了该方法从大不均匀场下获取高分辨
J 分解谱的能力。由于三维采样需要较长的时间，在一定程度上限制了该方法的
应用，但是与单扫描快速采样技术的结合有望提升该方法的采样效率，相关研究
正在进行中。 
三、本章基于分子间单量子相干、自旋回波演化和三维采样技术，提出了一
种通过高分辨二维 J 分解谱技术直接对非均相食品成分进行检测的方法。对谱图
化学样品的实验证实了该方法能够消除由于不均匀场引起的谱线增宽对二维谱
图的影响，并且能够压制强的水峰信号，对番茄和斑马鱼的实验则进一步验证了
该方法在粘稠甚至半固态食品中获取高分辨二维 J 分解谱的能力。运用常规的核
磁共振技术对半固态样品进行检测，往往需要采用样品萃取或魔角旋转技术，而
本章提出的方法则完全不需要样品预处理和特殊的硬件设备，大大简化了实验操
作并实现了对待测样品的无损、非侵入检测，可作为常规核磁共振检测方法的有
效补充。 
 
关键词：分子间多量子相干；不均匀磁场；食品检测；高分辨 J 分解谱 
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High-resolution iMQC J-resolved spectroscopy and its 
applications on the component analysis of foodstuffs 
  
 
ABSTRACT 
High-resolution nuclear magnetic resonance (NMR) spectroscopy is a powerful 
analytical tool in many fields, such as chemistry, materials science, and life science. 
By separating chemical shifts and J couplings into two distinct frequency dimensions, 
high-resolution two-dimensional (2D) J-resolved spectroscopy plays an important role 
in the detection of complex samples by providing information of chemical shifts, J 
coupling constants, multiplet patterns and relative peak areas for structure and 
composition analysis. Strong and extremely homogeneous and stable static magnetic 
field is usually required for high-resolution NMR spectra. Field inhomogeneity can 
introduce variations of phase and frequency, causing line broadening and severe 
signal-to-noise ratio loss. There are many circumstances where the magnetic field 
homogeneity is degraded by the intrinsic susceptibility gradients in samples, which 
precludes NMR spectral analyses. This kind of field inhomogeneity often cannot be 
completely eliminated with conventional field shimming methods. Since the 
discovery of intermolecular multiple-quantum coherence (iMQC) in 1990s, iMQCs 
have triggered many interests in NMR research community. Due to its special 
properties, iMQCs have been used in many important NMR applications, especially in 
high-resolution spectroscopy in inhomogeneous fields. This thesis focuses on the 
applications of high-resolution iMQC J-resolved spectroscopy on foodstuffs. The 
main work of this thesis is summarized as follows: 
1. The phenomena of iMQCs were briefly introduced, then the various kinds of 
theoretical treatments on iMQCs were described based on the CRAZED pulse 
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sequence. After that, we briefly summarized the applications of iMQCs in the study of 
biological samples and introduced the 2D J-resoved spectroscopy. 
2. Based on heteronuclear intermolecular single-quantum coherences (iSQCs) 
between proton (1H) and quadrupolar nuclei (i.e. deuterium 2H), a 3D NMR pulse 
sequence is proposed for recovering high-resolution 2D J-resolved NMR spectra 
(JRES) from samples mixed with a deuterated solvent in presence of large magnetic 
field inhomogeneities. Benefitting from excitation of spins via two different RF 
transmit channels, this sequence is suitable for applications in randomly large 
inhomogeneous fields and the solvent suppression generally required in homonuclear 
intermolecular multiple-quantum coherence approaches is no longer necessary. 
Systematic theoretical analyses are given based on the distant dipolar field treatment. 
Experiment on a sample of corn oil in deuterated acetone and ethyl 
3-bromopropionate and acetone dissoveld in DMSO-d6 in a deshimmed field with 
severe inhomogeneous broadening are performed to show the feasibility and 
applicability of this sequence. Due to 3D acquisition, relative long acquisition time is 
a challenge for practical applications, improved can be achieved by combination with 
other fast acquisition techniques. 
3. In this chapter, an NMR approach based on the properties of iSQCs, spin echo 
schemes and 3D acquisition was proposed for high resolution 2D 1H J-resolved 
measurements directly from heterogeneous foods without any sample pretreatment or 
additional hardware requirement. The noteworthy enhancement in spectral resolution 
and quality is illustrated in our experiments on two common heterogeneous food 
samples, a tomato and a fish. The resulting spectra provide chemical shifts and J 
coupling information for analyses on an intact tomato pulp and a whole zebra fish. 
This method is applicable on common liquid-state NMR spectrometers since no 
additional hardware device is required, constituting a convenient and promising 
manner for practical applications to heterogeneous foods. 
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